Coinfection of Nicotiana benthamiana with Potato virus A (PVA, a potyvirus) and Potato leaf-roll virus (PLRV, a luteovirus) induces a synergistic interaction manifested by enhanced titers of PLRV. The helper component proteinase (HC-Pro) of potyviruses is involved in viral vascular movement and suppression of an antiviral defense mechanism in plants. Data of our study showed that accumulation of PLRV in transgenic N. benthamiana expressing the PVA HC-Pro was enhanced on average by 4.5-fold, as compared to a 6.0-fold enhancement in wild-type N. benthamiana plants doubly infected with PVA and PLRV. Enhancement of PLRV accumulation was directly proportional to the concentration of the HC-Pro in leaves. In the HC-Pro-transgenic plants and wild-type plants, PLRV was almost exclusively confined to the phloem, but the HC-Pro-transgenic plants had a fourfold greater number of PLRV-infected cells within the phloem tissues, as revealed by immunohistochemical staining. In the leaves doubly infected with PLRV and PVA, PLRV was found to exit the phloem in 25.0% of the veins, infecting all types of leaf cells, but, on average, PLRV accumulation was not enhanced more than by sixfold at the whole-leaf level. Therefore, potyviral/luteoviral synergism seems to be based on two mechanisms. One of them is mediated by the HC-Pro and increases luteovirus accumulation without allowing detectable egress from vascular tissue. The other mechanism probably depends on additional potyviral proteins and alleviates the normal phloem limitation of PLRV.
INTRODUCTION
Mixed viral infections with two or more viruses are common and well documented in plants. In many cases the mixed viral infection results in an increase in the titers of one or both viruses and symptoms may be enhanced (e.g., Rochow and Ross, 1955; Vance, 1991; Pruss et al., 1997; Scheets, 1998; Karyeija et al., 2000) . One-way synergistic interactions are characterized by an increase in titers of only one of the two viruses (the beneficiary), while the titers of the helper virus remain unchanged. This is exemplified by synergisms, in which potyviruses (genus Potyvirus, family Potyviridae) serve as the helpers and viruses of the genus Luteovirus (Barker, 1989) or Potexvirus (Rochow and Ross, 1955; Vance, 1991; Pruss et al., 1997) are the beneficiaries. Two-way synergistic interactions result in increased titers of both viruses, for example, in a mixed infection with Wheat streak mosaic virus (genus Tritimovirus, family Potyviridae) and Maize chlorotic mottle virus (genus Machlomovirus, family Tombusviridae) in corn, which causes lethal necrosis (Scheets, 1998) .
Most of the studies on synergism between plant viruses have been descriptive and little is known about the genetic background and viral genes involved in synergistic interactions in most of the cases. The classical example of synergism is the interaction between Potato virus Y (PVY, genus Potyvirus) and Potato virus X (PVX, genus Potexvirus) in tobacco plants (Nicotiana tabacum L.), which enhances the replication of PVX (Rochow and Ross, 1955; Vance, 1991) . The genes of PVY involved in the synergistic interaction have been identified and shown to be located at the 5Ј-part of the viral genome, including the regions encoding for the first protein (P1), the helper component proteinase (HC-Pro), and part of the third protein (P3; Vance et al., 1995; Pruss et al., 1997) . More recently, the central domain of the HC-Pro was shown to be the main determinant for the synergistic effect, as well as for suppression of a host RNA surveillance mechanism (posttranscriptional gene silencing, PTGS) used for defense against RNA viruses (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998) . Therefore, the two phenomena may be linked and just represent different manifestations of the same fundamental mechanism. Consequently, at the turn of the new paradigm, virus-virus interactions in mixed infections might be suggested to result from suppression of the host defense mechanism by one of the viruses (Voinnet et al., 1999; Sijen and Kooter, 2000) .
Potato leaf roll virus (PLRV) is the type member of the genus Polerovirus (family Luteoviridae; Pringle, 1999) . The major features of luteoviruses are a small genome size, persistent transmission by aphids, and a distribution restricted almost exclusively to vascular tissue in infected plants (Mayo and Ziegler-Graff, 1996) . PLRV and the related luteoviruses typically infect companion cells and phloem parenchyma cells (D'Arcy and de Zoeten, 1979; Shepardson et al., 1980; Barker, 1987) . Mixed infections with potyviruses and luteoviruses in N. clevelandii and N. benthamiana result in a synergistic interaction that enhances the titers of the luteoviruses (Atabekov et al., 1984; Barker, 1987 Barker, , 1989 . For example, the titers of PLRV are increased by up to 25-fold in plants of N. benthamiana also infected with PVY and by up to sixfold in plants of N. clevelandii also infected with Potato virus A (PVA, genus Potyvirus; Barker, 1989) . Furthermore, the distribution of PLRV may be altered in mixed infections and, consequently, PLRV-infected mesophyll cells are frequently detected (Barker, 1987 (Barker, , 1989 . These results have been taken as an indication that the restricted movement of PLRV outside the phloem is complemented by the movement proteins of non-phloem-limited viruses (Atabekov et al., 1984; Barker, 1989) .
The HC-Pro of potyviruses is a vascular movement protein (Cronin et al., 1995; Kasschau et al., 1997) and an enhancer of genome amplification (Kasschau et al., 1997) and symptom development (Atreya et al., 1992) , besides its function as a suppressor of PTGS (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998; Dalmay et al., 2000) . These traits make it a good candidate as a mediator of the synergism observed in mixed infections with potyviruses and luteoviruses in Nicotiana spp. The aim of this study was to test this hypothesis by transforming N. benthamiana with the HC-Pro-encoding region of PVA and testing the titers and distribution of PLRV in the transgenic plants. The data showed that expression of the HC-Pro is sufficient for enhancement of the PLRV titers in N. benthamiana, the level of which is directly proportional to the amounts of the HC-Pro.
RESULTS

Titers of PLRV in N. benthamiana and potato
PLRV is typically restricted to the phloem in both Nicotiana spp. and potato (Solanum tuberosum L.; Shepardson et al., 1980; Barker, 1987) . However, there can be a great difference in the virus amounts in these hosts and in different potato cultivars as measured at the wholeleaf level. In our experiments under the greenhouse conditions, PLRV was detected at a low titer in the uppermost fully expanded leaves of young N. benthamiana plants [165 ng/g leaf (n ϭ 9) at 32 dpi; 712 ng/g leaf (n ϭ 9) at 41 dpi]. In contrast, the PLRV titers in the uppermost fully expanded leaves of young shoots of the susceptible potato cv. Rode Pipo grown from PLRV-infected tubers were very high (4020 ng/g leaf; n ϭ 16) in comparison to resistant potato cultivars, which accumulate much lower amounts of virus (Golinowski et al., 1987; Wilson and Jones, 1992; Derrick and Barker, 1997) . These observations led us to the hypothesis that the low titers of PLRV in N. benthamiana plants might be associated with a mechanism similar to that operating in resistant potato cultivars. Consequently, the synergistic effect of PVA infection on the PLRV titers could be associated with suppression of the host defense by PVA, or specifically the HC-Pro of PVA.
Characterization of the transgenic lines of N. benthamiana
To address the possible role of the HC-Pro in the synergistic effect on PLRV, transgenic N. benthamiana plants expressing the PVA HC-Pro were produced by Agrobacterium-mediated transformation. The 5Ј-UTR of PVA was utilized in the transgene construct to obtain high levels of HC-Pro expression (Carrington and Freed, 1990; Nicolaisen et al., 1992) . Transgenic N. benthamiana plants expressing the CP of PVA or the GUS marker gene were produced to be used as controls in virus experiments.
Transformed and regenerated plants of N. benthamiana were self-pollinated and the seeds (T1 progeny) used for further experiments. Seedlings were screened for resistance to kanamycin as an initial test for the presence of the transgenes. Nine HC-Pro-transgenic and 13 CP-transgenic lines were found to produce kanamycin-resistant progeny. Subsequently, the presence of the virus-derived transgenes was verified in these plants by PCR. In several T1 progeny most but not all plants gave a positive result, which indicated segregation of the transgene. No amplification was obtained with the primers specific to PVA RNA using total DNA isolated from the GUS-transformed plants, in which expression of GUS was verified by a histochemical GUS assay (Anandalakshmi et al., 1998) . Transgenic N. benthamiana plants were morphologically indistinguishable from the nontransgenic plants.
The progeny of three HC-Pro-transgenic lines were chosen for PLRV experiments based on differences in the segregation ratios for the presence and absence of the transgene (line ab34, 18:0; line ab12, 5:1; and line ab13, 3:1, respectively). The amounts of the HC-Pro in these lines were quantified by DAS-ELISA using a polyclonal antiserum specific to PVA HC-Pro. Known amounts of PVA HC-Pro expressed in E. coli were included as a standard. The HC-Pro was expressed to high levels in the transgenic lines but differences in the expression level were observed between the individual T1 plants ( Table 1 ). The amounts of the HC-Pro in several transgenic plants were as high as, or higher than, in some of the PVA-infected plants. However, in general, the mean amounts of the HC-Pro were lower in the transgenic lines than in the control plants (GUS-transgenic plants or nontransgenic segregants) infected with PVA ( Table 1) .
Effect of HC-Pro expression on titers of PLRV
The T1 progeny of the three HC-Pro-transgenic lines mentioned above, two CP-transgenic lines, one GUStransgenic line, and several nontransgenic segregants of the T1 progeny were graft-inoculated with PLRV using PLRV-infected potato cv. Rode Pipo as a source of scions. PVA-infected and a few PVY-infected GUS-transgenic plants were graft-inoculated with PLRV as controls.
The experiment was carried out twice, including at least three plants per line in each treatment.
Amounts of PLRV were measured in the uppermost fully expanded leaves by DAS-ELISA at 32 dpi including known amounts of purified PLRV as a standard. The amounts of PLRV in the nontransgenic segregants (193 ng/g leaf; SD 45; n ϭ 4), CP-transgenic plants (182 ng/g; SD 82; n ϭ 8), and GUS-transgenic plants (144 ng/g; SD 36; n ϭ 5) were similarly low. In contrast, accumulation of PLRV was enhanced on average by 6.0-fold in the plants doubly infected with PLRV and PVA or PVY (Table 2 ) and 2.8-4.5-fold in the transgenic plants expressing the PVA HC-Pro (Table 2 ; Fig.  1 ). Measurement of PLRV and HC-Pro concentrations in the same samples of the HC-Pro-transgenic plants showed that the level of enhancement of PLRV accumulation was directly proportional to the concentration of the HC-Pro, as illustrated in Fig. 1 . The amounts of PLRV (per gram leaf) increased by time and were higher at 41 dpi than at 32 dpi ( Table 2) , but this was similar for all plants and did not alter the relative enhancement of the PLRV titers. These data indicated that the HC-Pro was sufficient for mediating a synergistic effect manifested as enhanced titers of PLRV.
The nontransgenic plants, CP-transgenic plants, and GUS-transgenic plants of N. benthamiana infected with PLRV developed no symptoms. Similarly, the HC-Protransgenic plants with enhanced PLRV titers remained symptomless, which indicated that the HC-Pro-mediated synergism on PLRV did not involve induction of a more severe disease. In plants doubly infected with PLRV and PVA or PVY the effect of synergism on disease symptoms was more difficult to assess due to the severe mosaic symptoms caused by PVA-B11 and PVY O -UK in N. benthamiana. However, no differences in symptoms were observed between the PVA-or PVY-infected plants and the plants coinfected with these viruses and PLRV.
Localization of PLRV in infected leaves of N. benthamiana
The synergistic effect of PVA on PLRV, as revealed by the enhanced titers of PLRV, could be due to increased PLRV titers in infected (phloem) cells, and/or due to cells outside the phloem being infected with PLRV. Immunohistochemical localization of PLRV was carried out using monoclonal antibodies to the PLRV CP to distinguish between the two mechanisms.
Three HC-Pro-transgenic plants (six leaves) and four control plants (eight leaves) infected with PLRV, and one plant doubly infected with PVA and PLRV (two leaves), were selected for the analysis based on the titers of PLRV and HC-Pro measured by ELISA at 32 or 41 dpi. A few leaves in the HC-Pro-transgenic plants and in the doubly infected plants had similar concentration of the HC-Pro. On the other hand, a few leaves of the HC-Pro-transgenic plants had several-fold higher amounts of PLRV than some leaves of the doubly infected plants. These samples were selected for immunostaining to avoid a systematic error due to higher amounts of HC-Pro and PLRV usually found in the doubly infected plants as compared to the HC-Pro-transgenic plants. Tissue was excised from leaf lamina including class II-IV veins but excluding the midrib (class I vein; vein classification sensu Roberts et al., 1997) .
The presence of strong signals located exclusively within phloem cells was observed in 138 veins in the leaves of control plants infected with PLRV only (Fig. 2B ). However, in two veins (1.4%) PLRV was localized in the bundle sheath cells too (data not shown). Similar results were obtained on the leaves of the HC-Pro-transgenic plants infected with PLRV ( Fig. 2E ). Only in two veins of the 150 infected veins examined (1.3%) there was a PLRVspecific signal observed outside the phloem tissue ( Fig.  2F ). These data indicated that even though the titers of PLRV in the HC-Pro-transgenic plants were enhanced as compared to the control plants, no significant alleviation of the normal phloem limitation of PLRV occurred.
In the leaves of plants doubly infected with PVA and PLRV, strong PLRV-specific signals were found in bundle sheath, mesophyll, and epidermal cells outside the phloem of 15 veins (25.0%) of a total of 60 veins observed. The difference in PLRV distribution between the doubly infected leaves and the leaves of the HC-Pro-transgenic plants was consistently found regardless of the amounts of the HC-Pro. These data indicated that PVA infection could alleviate phloem limitation of PLRV, for which expression of the PVA HC-Pro in transgenic plants was insufficient.
We also carried out immunohistochemical staining for the HC-Pro on thin sections consecutive to those examined for the distribution of PLRV CP. The HC-Pro was detected in all cell types and no difference in distribution was observed between the PVA-infected and the HC-Pro-transgenic plants (Figs. 2H and 2I) .
Distribution of PLRV in phloem tissue
Since no profound difference in the ability of PLRV to escape from phloem in the HC-Pro-transgenic plants and control plants was observed, another mechanism might be responsible for the increase of PLRV titers in HC-Protransgenic plants. Therefore, the veins in thin sections were examined in more detail to assess the number and distribution of PLRV-containing cells. It was assumed that the visible staining indicated the PLRV-infected cells, even though formally we cannot exclude the possibility that some infected cells contained concentrations of PLRV too low to be detected by immunostaining. To avoid a systematic error, thin sections from different leaves and parts of the leaf, and from different parts of the blocks, were taken at random for analysis. A total of 211 and 578 veins in the HC-Pro-transgenic and GUStransgenic plants, respectively, had to be screened to find 74 PLRV-infected veins. From these data it was estimated that there was a 2.7-fold difference in the incidence of PLRV in the veins of the two types of plants (Table 3 ). In most veins of the HC-pro-transgenic plants, two, three, or more than three stained cells were observed (Figs. 2K, 2M, and 2N; Table 3 ), whereas most veins of the GUS-transgenic control plants contained only a single stained cell (Figs. 2B, 2J, and 2L; Table 3 ).
The 74 PLRV-infected veins found in the two types of plants were examined in more detail, as explained in Table 3 . It appeared that the HC-Pro-transgenic plants contained a 1.5-fold greater number of infected phloem cells than the GUS-transgenic control plants. Taking into consideration the 2.7-fold difference in the incidence of PLRV-infected veins detected and the 1.5-fold difference in the number of PLRV-infected cells within veins, these data together indicated that the leaves of the HC-Protransgenic plants had a 4.05-fold (2.7 ϫ 1.5 ϭ 4.05) higher number of PLRV-infected phloem cells than the GUS-transgenic control plants. The difference in the number of infected phloem cells closely corresponded to the difference in PLRV titers between the leaves of the HC-Pro-transgenic and GUS-transgenic plants (4.5-fold).
DISCUSSION
Previous studies have shown that coinfection of N. benthamiana and N. clevelandii plants with luteoviruses (PLRV or BWYV) and potyviruses (including PVA and PVY) causes a synergistic effect on luteoviruses (Barker, 1989) . In N. clevelandii coinfected with PLRV and PVA the effect is manifested by up to sixfold increase in the PLRV titers. The data of our study showed that the HC-Pro of PVA is sufficient to mediate the synergistic effect on PLRV in N. benthamiana. It seems, therefore, that the luteoviral/potyviral synergism is analogous to many other synergisms involving a potyvirus and in which the potyviral HC-Pro mediates the synergistic effect on the other, unrelated virus. The synergistic effect of Tobacco etch virus (genus Potyvirus) on PVX replication in tobacco plants (N. tabacum; Pruss et al., 1997; Anandalakshmi et al., 1998) is an illustrative example of such a phenomenon.
The PVA HC-Pro expression in the leaves of transgenic plants and plants infected with PVA was quantified and compared to the amounts of PLRV in the same samples by ELISA. The increase in PLRV accumulation was found to be directly proportional to the concentration of the HC-Pro. However, the enhanced accumulation of PLRV in HC-Pro-transgenic plants was not associated with alleviation of the normal phloem limitation of PLRV, as shown by immunohistochemical localization of PLRV in thin sections. PLRV escaped from phloem only in a very low percentage of veins in the HC-Pro-transgenic plants (1.3%), similar to the wild-type and GUS-transgenic control plants (1.4%). The occurrence of PLRV at the low frequency outside the phloem tissues was not unexpected because Van den Heuval et al. (1995) and Franco-Lara et al. (1999) have reported that PLRV is not exclu-sively limited to the phloem tissue, but some mesophyll cells juxtaposed phloem vessels are occasionally found to be PLRV-infected. Even though the possibility that PLRV occurred at low, undetectable titers in cells outside the phloem in these plants cannot be formally excluded, it seems unlikely since PLRV has been reported to replicate to high titers in mesophyll protoplasts (Takanami and Kubo, 1979; Barker and Harrison, 1982) .
PLRV was found to exit phloem and infect many other types of tissues in plants doubly infected with PVA and PLRV (25% of infected veins), whereas in the HC-Protransgenic and control plants it occurred at a very low frequency, as mentioned above. However, PLRV concentrations in the leaves of the doubly infected plants were not much higher (ca. sixfold) than in the HC-Pro-transgenic plants (ca. 4.5-fold). Therefore, while the alleviation of phloem limitation of PLRV in the doubly infected plants allowed a larger number of cells to be infected with PLRV, it increased PLRV concentrations at the whole-leaf level proportionally less than anticipated.
Previous studies have suggested that one mechanism operating in resistance to PLRV in potatoes restricts PLRV movement in phloem tissue (Golinowski et al., 1987; Wilson and Jones, 1992; Derrick and Barker, 1997) . To find out whether such a mechanism might operate in N. benthamiana plants and whether it was suppressed in the HC-Pro-transgenic plants, the distribution of PLRV in veins was examined in the thin sections prepared from many leaves and plants. It was found that, in the HC-Protransgenic plants, the number of PLRV-infected cells in phloem was ca. fourfold greater than in the control plants. Also, the numbers of PLRV-infected cells in phloem have been found to be greater in PLRV-susceptible than in resistant potatoes (Derrick and Barker, 1997) . One interpretation of these data is that in N. benthamiana, similar to the PLRV-resistant potatoes (Derrick and Barker, 1997) , short distance movement of PLRV within the phloem is inefficient, resulting in only a few infected cells. In that case, our data would indicate that the HC-Pro enhances the restricted cell-to-cell movement of PLRV, allowing a greater number of phloem cells to become infected, which in turn results in an a The maximum number of infected cells in the vein could not be ascertained from the microscopic view in these cases; see Figs. 2J-2N . b The total number of infected cells in the 74 veins examined was estimated using the following formula: 28 ϩ 33 ϫ 2 ϩ 13 ϫ 3 ϭ 133; 61 ϩ 13 ϫ 2 ϩ 0 ϫ 3 ϭ 87. accumulation of higher amounts of PLRV. Another possibility is that PTGS is hyperactivated in the cells controlling access to the phloem (the companion cells) (Marathe et al., 2000) and in which luteoviruses replicate (D'Arcy and de Zoeten, 1979; Shepardson et al., 1980; Barker, 1987) , and that PTGS may suppress the replication and accumulation of PLRV in these cells. Thus, perhaps HC-Pro suppresses the PTGS, allowing PLRV to replicate more efficiently in vascular cells and, consequently, more cells accumulate PLRV titers high enough to provide a detectable signal in immunostaining. On the other hand, the control plants might have the same number of infected cells, but less of them are detectable due to below detection threshold level of viral antigen. The two mechanisms are not mutually exclusive. These observations are consistent with the known function of the HC-Pro as a vascular movement protein (Cronin et al., 1995; Kasschau et al., 1997) . Also, they are consistent with the ability of the HC-Pro to suppress a host defense mechanism that limits accumulation of viruses in plants (Mourrain et al., 2000) , including N. benthamiana (Anandalakshmi et al., 1998; Brigneti et al., 1998) .
It appears that the potyviral/luteoviral synergism is mediated by two mechanisms: enhancement of luteovirus accumulation in phloem without alleviation of the normal phloem limitation, as shown in our study, and complementation of luteovirus unloading from the phloem, as shown by previous studies (Atabekov et al., 1984; Barker, 1987 Barker, , 1989 Atabekov and Taliansky, 1990) and also observed in our study. In the view of our data, the potyviral HC-Pro enhances PLRV accumulation via a mechanism that allows more cells inside the phloem bundles to be infected and/or more efficient virus replication in the infected cells, without allowing detectable escape from phloem limitation. Therefore, other PVA proteins are probably needed for alleviation of the phloem limitation of PLRV. The potyviral P1 protein acts as an auxiliary factor in the PVX/TEV synergism (Pruss et al., 1997) and might play a role in the luteoviral/potyviral synergism, which remains to be studied. It is also worth mentioning that the PVA HC-Pro expressed in the transgenic plants is not identical to the HC-Pro produced during PVA infection. During potyvirus infection, the HC-Pro is proteolytically processed from a polyprotein by the P1 proteinase, whereas for its expression in transgenic plants a translation start codon has to be introduced, which in our study resulted in three additional amino acids (Met-Ala-Ala) at the HC-Pro N-terminus. Nevertheless, a significant synergistic effect on PLRV was observed in the HC-Pro-transgenic plants, indicating the crucial role of the HC-Pro in luteoviral/potyviral synergism.
MATERIALS AND METHODS
Plasmid constructions
DNA fragments containing the complete HC-Pro-encoding region (nucleotides 1056-2426) or the CP-encod-ing region (nucleotides 8532-9341; Puurand et al., 1994) were amplified by PCR from the infectious cDNA of PVA, isolate B11 (Puurand et al., 1996) . The Cauliflower mosaic virus 35S-promoter fused with the PVA 5Ј-untranslated region (5Ј-UTR) was PCR-amplified from the plasmid containing the infectious PVA cDNA. Appropriate primers were used to introduce an AUG-start or an UAA-stop codon for the HC-Pro and CP cistrons, and novel NotI, FseI, and AscI restriction sites required for cloning and construction of the plant transformation vectors. The 5Ј-UTR of potyviruses is known to enhance translation in eucaryotic systems (Carrington and Freed, 1990; Nicolaisen et al., 1992) and was utilized to obtain high levels of HC-Pro expression in transgenic plants.
The PCR-amplified HC-Pro and CP genes were cloned in desired combinations into the plasmid pKOH122 (Holmström, 1998) linearized with AscI/FseI. The plasmids were verified by sequencing. The constructs were then inserted in between the Sse8387I and PacI restriction sites of the binary plant transformation vector pKOH200 that contains the 3Ј terminator region of the nopaline synthase gene (3Јnos; Holmström, 1998) , which resulted in the plasmids pA4 (HC-pro/35S) and pA3 (CP/ 35S). The ␤-galacturonidase (GUS) gene containing a plant intron to prevent GUS expression in Agrobacterium (Vancanneyt et al., 1990) was cloned into pKOH200 under the 35S-promoter (plasmid pSH35/GUS-INT; kindly provided by S. Vidal). The plasmids HC-pro/35S, CP/35S, and pSH35/GUS-INT were introduced into Agrobacterium tumefaciens strain C58C1/pGV2260 (Deblaere et al., 1985) by electroporation (Mattanovich et al., 1989) .
Transformation of N. benthamiana
Seeds of N. benthamiana were provided by V. Ziegler-Graff and K. E. Richards (IBMP-CNRS, Strasbourg, France). Sterile in vitro cultures were established on MS2 medium (Murashige and Skoog, 1962) and used for transformation with Agrobacterium as described by Erhardt et al. (1999) . Selection and further propagation of the putative transgenic lines were carried out on MS2 medium supplemented with kanamycin (150 g/ml). Regenerated lines growing under kanamycin selection (T0 lines) were tested by PCR with primers specific to the T-DNA. The PCR-positive rooted shoots were transferred to soil in the greenhouse and allowed to self-pollinate. Seeds (T1 generation) were collected and used for further experiments. For all individual plants of T1 generation used in experiments, the presence of the transgenes was confirmed by PCR (Wang et al., 1993) .
Viruses and inoculation
PLRV (isolate 308) was provided by J. F. J. M. van den Heuvel and F. van der Wilk (Plant Research International, Biointeractions and Plant Health, Wageningen, The Netherlands) and was maintained in potato (Solanum tuberosum L. cv. Rode Pipo). PVA (isolate B11) derived from the infectious cDNA (Puurand et al., 1996) , and PVY (isolate UK) belonging to the ordinary strain group (PVY O -UK) (Valkonen et al., 1991) were propagated in tobacco (N. tabacum cv. Samsun nn) and potato cv. Pito, respectively.
PVA and PVY were mechanically inoculated to N. benthamiana. Leaves of PVA-or PVY-infected propagation hosts were ground in distilled sterile water at 1 g/10 ml and the sap was rubbed on to two Carborundumdusted fully grown leaves of 2-week-old seedlings of N. benthamiana. PLRV was graft-inoculated to 4-week-old N. benthamiana plants using apical shoots of the PLRVinfected potato plants. A side-grafting method was employed. The fully expanded leaves were removed and a sidelong cut ca. 0.5-1.0 cm long was made to the position of the highest leaf removed. A PLRV-infected potato shoot (ca. 4-5 cm) with all but the tip leaves removed was trimmed at the base to a wedge and inserted into the cut in the N. benthamiana stem. The scion-to-stock junctions were secured with parafilm. During the first week after grafting, plants were covered with plastic bags to avoid wilting. Plants were grown in an insect-proof greenhouse at 18/24°C (night/day) under natural daylight supplemented by illumination with fluorescent lamps and fertilized weekly (N:P:K:S:Ca:Mg ϭ 5:1:4:0.4:0.3:0.4).
Virus detection and quantification of the CP and HC-Pro antigens
Plants of N. benthamiana inoculated with PVA and PVY developed severe mosaic symptoms in the upper noninoculated leaves at 10-12 dpi, whereas no clear symptoms were observed in any plants inoculated with PLRV. Systemic infection with PVA, PVY, and PLRV was tested in the uppermost fully expanded leaves with doubleantibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) using the monoclonal antibody (MAb) and alkaline phosphatase (AP)-conjugated MAb (no. 58/0) to PVA, and polyclonal antibodies (PAb) and AP-conjugated PAb to PVY and PLRV, all obtained from and used according to instructions of Adgen (Ayr, Scotland). Quantification of the PVA HC-Pro by DAS-ELISA was carried out using PAb (dilution 1:400) and AP-conjugated PAb (dilution 1:500) to PVA HC-pro raised in rabbits and kindly supplied by F. Rabenstein (Institute for Pathogen Diagnostics and Breeding Research, Aschersleben, Germany).
Leaf samples were weighed and ground in ELISA sample buffer at 1 g/3 ml or 30 ml. Four aliquots (100 l) of sap were transferred into the wells of two microtiter plates (Greiner Laborteknik, Frickenhausen, Germany), two wells in each, coated with anti-CP or anti-HC-Pro antibodies, respectively. Known amounts of purified virions of PLRV (100, 20, 4, 0.8, 0.16, and 0.032 ng; supplied by J. F. J. M. van der Heuvel) or PVA-B11 (200, 40, 8, 1.6, and 0.32 ng), or PVA HC-Pro expressed in and purified from Escherichia coli (64, 12.8, 2.56, 0.512, and 0.1024; supplied by K. I. Ivanov, University of Helsinki, Finland) were included for setting up the standard curve used to estimate the amounts of these antigens in leaves. Color reaction was developed using p-nitrophenyl phosphate as a substrate. Absorbances were measured at 405 nm with a Benchmark microtiter plate reader using Microplate Manager software (Bio-Rad Laboratories, Hercules, CA) at the time point when the absorbance values for 20 and 200 ng purified virions of PLRV and PVA and for 64 ng purified HC-Pro reached the A 405 value of 2.80, 2.50, and 1.58, respectively.
Virus detection by immunohistochemical staining on thin sections
Leaf pieces were excised with a scalpel and immediately immersed into fixative (4% formaldehyde overnight). The fixed samples were dehydrated, treated in Histo-Clear (National Diagnostics, Manville, NJ), and embedded in paraffin (Paraplast Embedding media, Sigma, St. Louis, MO) according to Jackson (1989) . Thin sections (7 m) were cut from the embedded samples with a microtome (Microm, Heidelberg, Germany), transferred to microslides covered by poly-L-lysine (Polysine, Menzel-Gläser, Germany), and incubated overnight at 37°C. Paraffin was removed by washing twice in xylene, after which samples were rehydrated and washed in PBS. Samples were preincubated in PBS containing 4% BSA for 30 min and then incubated with the MAb SCR3 to PLRV CP (supplied by L. Torrance, SCRI, Scotland, UK), diluted 1:400 in PBS containing 4% BSA, for 1 h at room temperature. After washing with PBS, sections were incubated with rabbit anti-mouse MAbs conjugated with alkaline phosphatase (dilution 1:50; Sigma) for 30 min at room temperature. After washing in PBS, samples were stained using a fresh Fuchsin substrate solution.
